A detailed evaluation of the suitability of the subscale Iosipescu V-notch unidirectional composite specimens tested in the modified Wyoming fixture is presented. A linear finite element model is developed to compare the shear strain field in the test sections of the standard and subscale specimens. The experimental results from traditional strain-gage and moir6 interferometry techniques for standard and subscale graphite-epoxy unidirectional specimens are also compared. It was found that the shear responses of the standard and subscale 90° specimens are identical. However, the shear strain distributions for the standard and subscale 0" specimens are different. Accurate measurement of the shear moduli can still be obtained for the subscale specimens if the appropriate correction factors are used.
INTRODUCTION
In the last decade, the Iosipescu composite shear specimen tested in the modified Wyoming fixture (see Fig. 1 ) has gained great popularity /1-13/ in the composites community due to its unique features /13/. Ideally, the Iosipescu specimen should produce a pure and uniform shear strain state in the test section. Numerous analytical and experimental investigations have been performed in the pursuit of an improved Iosipescu shear test on composite materials since its inception /14/. Geometric parameters associated with the Iosipescu specimen (notch angle, notch depth and notch tip radius) were found to influence, to a greater or lesser extent, the strain distribution in the test section. It has become common practice to use a 1.3mm notch tip radius, a 90° notch angle with a notch depth of 20 percent of the width of the specimen even though non-ideal stress distributions are produced.
The Iosipescu shear specimen is small (76mm in length and 19mm in width) and the amount of material required to fabricate a test specimen as compared to other mechanical test specimens is equally small. However, further reduction of the material to fabricate an Iosipescu specimen would be beneficial for initial mechanical property characterization of new materials /15/. New materials are typically produced in gram quantities. Reducing the amount of material required to fabricate a test specimen would facilitate initial evaluation of new materials, provided the smaller specimen did not adversely influence the stress state in the test section of the specimen.
Based upon numerical analysis /16/ and experimental observation /12/ of the standard V-notch Iosipescu specimen, load is transferred from the test fixture into the test specimen on four small regions along the edge of the specimen /16/. Since load is not distributed across the entire edge of the specimen /16/, it may be possible to reduce the specimen length without adversely influencing the stress state in the test section of the specimen.
The purpose of this study is to assess the effect of specimen length on the shear response of unidirectional composites. In a preliminary study, it was found that unidirectional 0° and 90° graphite-epoxy specimens of 44.5mm (1.75") in length failed at a much lower applied load at the inner load points as compared to those of the standard and 50mm (2") subscale specimens. Thus, this study will focus on the comparison of the shear behavior of the standard 76mm (3") and the subscale 50mm (2") unidirectional graphite-epoxy composite specimens. The dimensions of the standard and subscale specimens are shown in Fig. 2 . The approach used includes numerical (linear finite element analysis) and experimental (conventional strain gage method and moire interferometry) investigations of the standard and subscale specimens. The purity and uniformity of the shear field in the test section for the standard and subscale specimens are then assessed. iosipescu V-notched specimen.
NUMERICAL INVESTIGATION
A linear, two-dimensional finite element analysis is performed to assess the shear strain distribution between the notches and obtain the shear modulus correction factors /10,11,16/. Normal and shear strain contours of standard and subscale specimens are compared. Based upon the strain distributions, possible failure modes and crack initiations are discussed.
The finite element model had 1416 and 1288 plane stress elements, respectively for both the standard /16/ and the subscale specimens. At regions near the notches, the mesh is refined. The inner load point distance is 7mm for all fiber orientations. The sequence of steps for the application of boundary conditions and applied displacements is the same as that described in Ho et al. /16/.
EXPERIMENTAL INVESTIGATION

A. Moire Interferometry
Moir6 interferometry /17,18/ is an optical method of measuring the in-plane surface displacement components (u,v) of a specimen under load. The technique employs a high frequency crossed-line grating which is attached to the surface of the specimen and deforms with the specimen surface. The interference of two coherent light beams diffracted from the deformed specimen produces moird fringe patterns corresponding to the u and ν fields. The sensitivity f of the technique is determined by the frequency of the specimen grating, the wavelength of the light, and the optical arrangement. The crossedline diffraction gratings that were applied to the surface of the specimens had a frequency of 1200 lines/mm, covered the width of each specimen and extended approximately 30mm lengthwise. The three mirror interferometer used in the moird experiments was developed by Czarnek /17/ and gave a fringe pattern sensitivity of 0.417 μιη per fringe.
B. Materials and Specimen Details
Standard (76mm) and subscale (50mm) 0° and 90" Iosipescu specimens were cut from a unidirectional graphite-epoxy (AS4/3501-6) panel. The specimens had 20 plies with a nominal thickness of 2.54mm (0.1 inch). The dimensions of the subscale specimen are the same as those of the standard specimen except for the length. For each fiber
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orientation, at least one specimen was instrumented with a crossed-line diffraction grating on one surface and a stacked three gage rosette on the other surface. Six strain gaged specimens were instrumented with separate two-gage rosette on each surface of the specimen. The experimental procedure is the same as that described in Ho et al. /19/.
RESULTS AND DISCUSSION
A. Numerical Results
Force distribution on the specimen: After several iterations, boundary conditions and reaction force distributions for the subscale 0° and 90" graphiteepoxy specimens (see Fig. 3 ) are established. The force distributions of the standard /16/ and subscale Vnotch specimens are only slightly different. Most of the applied loads are transmitted to the specimen at the inner load points for both standard and subscale specimens. The distributed force at the very left and right ends of the specimen for the standard 90° specimen is very small, so the resultant forces for the standard and subscale 90° specimens are located at approximately the same positions. The similarity in the load distributions between the standard and subscale 90° specimens implies that the strain rate in the test section of both specimens is similar. For the 0° specimens, the resultant forces act at different positions at the specimen edges due to the change of specimen length. Thus the strain contours for the standard and subscale 0° specimens will not be the same. The locations of the resultant forces for the standard and subscale 0° and 90° specimens are shown in Fig. 4 . It is noted that the positions of the resultant forces on the specimen edges for the standard 90° and subscale 0° and 90° specimens are very close. The position of the resultant force of the outer loads for the 0° standard specimen is much farther away from the notch axis as compared to the other three specimen configurations. The difference in the load distributions will affect the shear strain contours and the shear strengths of the specimens and will be discussed in the subsequent sections.
Strain distribution between the notches: The shear Distributed loads on the specimen sides due to imposition of uniform displacement for standard (a), 0°, (b) 90° specimens.
l·-a- strains of the standard and subscale specimens, normalized with respect to average shear strains computed across the test section, are shown in Fig. 5 . The shear strain concentration near the notches of the subscale 0° specimen is higher than that of the standard 0" specimen, see Fig. 5a . The shear strain distribution across the notches for the subscale 0° specimen is less uniform than that of the standard one. The corresponding shear modulus correction factors are 0.87 and 0.82, respectively, for the standard and subscale 0° graphite-epoxy specimens. The difference in the shear strain distribution between the notches for the standard and subscale specimens is caused by the proximity of the outer load points /ll/.
The normalized shear strain distributions for the standard and subscale 90° specimens are essentially identical. It is due to the similar load distributions between the standard and subscale specimens. In summary, the shear strain distribution across the notches for the standard and subscale specimens are not uniform, and application of correction factors for the calculation of shear modulus is required.
Strain contours in the test section:
Figs. 6a and 6b show the transverse normal and shear strain contours for the subscale 0° graphite-epoxy specimen. For the standard /16/ and subscale 0° specimens, the longitudinal normal strain, <= χ , is very small in the test section. For applied displacements (δ=-0.05mm) at the movable portion of the fixture, the shear strains in the subscale 0° specimen are smaller than those of the standard specimen /16/. This is caused by the larger outer loads for the subscale specimen. Due to the antisymmetric loading nature, the applied shear load in the specimen test section is a function of the resultants of the outer and inner loads /11,16/. In the subscale specimen, the outer load points are closer to the notch axis; therefore, the applied shear load (the difference between the inner and outer loads on one side of the specimen) is less than that of the standard specimen for the same applied displacements /ll, 16/. As shown in Fig. 4 , the loading conditions for the standard and subscale 90° specimens are similar.
Accordingly, the shear and longitudinal normal strains in the standard /16/ and subscale 90° specimens (see Fig. 7 ) are similar. However, the loading mechanism of the 0° standard specimen is different from those of the subscale 0° and 90° and the standard 90° specimens; therefore, the shear strength obtained from the standard 0° specimen may be different from those obtained from the subscale 0° and all 90° specimens due to different failure mechanisms.
For both standard and subscale 0° specimens, the maximum transverse normal and shear strains occur at the inner load points. The e^-to-^ ratio in the gage section for the subscale 0° specimen is higher than that of the standard 0° specimen. The presence of for standard and subscale 0° specimens and the larger e -to-7 ratio in the subscale 0° specimen is a y 'xy r phenomenon of the load proximity effect invoked by Saint-Venant's principle /13,20/. Saint Venant's principle implies that the effect (decay) of local stress in a finite rectangular strip is a linear function of t(Ej/G^) 0 ' 3 for highly anisotropic materials, where t is the thickness of the specimen, Ε χ is the extensional modulus in the longitudinal direction, and G yz is the interlaminar shear modulus. In two small regions at the left flank of the top notch and the right flank of the bottom notch, e is tensile for both standard and y subscale 0° specimens. Thus these two regions are potential locations for damage initiation.
For both standard and subscale 90° specimens, e y in the test section is essentially zero as predicted by Saint Venant's principle. At the left flank of the top and the right flank of the bottom notches, the longitudinal normal strains are tensile. Similarly, these two regions are potential locations for damage initiation for both standard and subscale 90° specimens.
B. Experimental Results
Shear stress-strain data: Fig. 8 shows typical shear stress-strain responses for the standard and subscale 0° and 90° specimens. The shear responses for the standard and subscale 90° specimens are coincident when the shear strain is less than 0.7% and are nearly Shear stress-strain data for typical standard and subscale 0° and 90° specimens.
coincident at higher shear strains. The shear responses for the standard and subscale 0° specimens are nearly coincident at all shear strains. Fig. 9 compares shear moduli and strengths of the standard and subscale 0° and 90° specimens. The shear moduli are the 0.2% secant moduli and the shear strengths are defined as the shear stresses at the first load drop. Note that the average of the front and back shear strain is used and the correction factors obtained from numerical analysis are applied in the calculation of the shear moduli. Fig. 9a shows that the shear moduli for the subscale specimens are smaller than those of the standard counterparts and there are variations in the measured shear moduli in each specimen group. Because the specimens are cut from different positions in the panel there are naturally thickness variations /19/ or volume fraction variations in each specimen group. To eliminate the effect of thickness variation on the shear modulus measurement, a direct comparison of the shear moduli is performed. In the direct comparison testing, two specimens in each fiber orientation (0° and 90°) were tested under 0.5% shear strain to obtain the shear modulus. The same specimens were tested four times to obtain the average values and the scatter. The specimens were then carefully cut from 76mm (3 inch) to 50mm (2 inch). The cut specimens were examined to ensure that there was no cutting induced damage.
The subscale specimens were then tested to obtain the shear modulus. The results are shown in Fig. 10 shear moduli are very consistent except that the shear modulus for the 0° subscale specimen is still slightly lower. Fig. 9b shows the shear strengths corresponding to the four specimen groups. The shear strengths for the standard and subscale 90° and the subscale 0° specimens are consistent. However, the strength obtained from the 0° standard specimen is 25% higher than those obtained from the other specimen groups. It is suggested that the higher shear strength of the 0° standard specimen is due to the different loading mechanism and possibly different mode of failure of the 0° standard specimen as discussed in the Numerical Results section.
Moiri fringe patterns:
The moir6 fringe patterns for the standard and subscale 0° and 90° specimens are shown in Figs. 11 and 12 . The u-displacement fields were adjusted to contain minimum information such that all the deformation information is contained in the v-displacement fields. As shown in Fig. 11 , the vdisplacement field for the 0° specimens is s-shaped indicating the presence of transverse normal strain e y /12/. The distortion of the fringes in the v-field for the subscale 0° specimen is more profound than that of the standard one /12/ even at a smaller load. The distortion of the fringes in the v-field is caused by the closeness of the outer loads, which induces a larger e yto-7 ratio.
'xy The fringes of the v-displacement fields for the standard /12/ and subscale 90° specimens are nearly straight in the gage section. Thus both the standard and subscale 90° specimens are under pure shear, consistent with the Saint Venant's principle for anisotropic bodies.
The previous discussion shows that the subscale (reduction in specimen length) 90° specimen can facilitate the material characterization of new material system of small quantity without affecting the stress state in the specimen test section. However, reduction of specimen width or thickness is not advisable. The specimen test section would become smaller when the specimen width is reduced, and there would be fewer fiber bundles in the specimen test section. It would result in large variation in the shear modulus measurement for some fabric composites due to small strain gates /21/. Also, the thickness of the specimen cannot be scaled down arbitrarily due to stability problems. Therefore, a three-dimensional scaling-down of the specimen is not recommended.
CONCLUSIONS
The effectiveness of the subscale (50mm in length) unidirectional Iosipescu specimens tested in the modified Wyoming fixture was evaluated numerically and experimentally. The subscale 90° specimen behaves identically to the standard 90° specimen due to the similar load introductions between the fixture and the specimen. The outer load points for the standard and subscale 0° specimens are different; therefore, the shear responses between the standard and subscale 0° specimens are different.
The shear modulus correction factors for both the standard and subscale 90° specimens were the same due to their similar loading conditions. Consistent shear strengths were obtained for standard and subscale 90° specimens. In addition to the variation in the measured shear modulus for the 0° specimens, the shear strength obtained from the 0° specimen varied when the specimen length was altered. The 0° specimens (standard or subscale) are not recommended for shear property measurement of composite materials. The subscale 90° specimens perform as well as the standard counterparts and can be used as a substitute for the standard specimens.
